It has long been recognized as a microvascular disease. The diagnosis of DR relies on the detection of microvascular lesions. The treatment of DR remains challenging. The advent of anti-vascular endothelial growth factor (VEGF) therapy demonstrated remarkable clinical benefits in DR patients; however, the majority of patients failed to achieve clinically-significant visual improvement. Therefore, there is an urgent need for the development of new treatments. Laboratory and clinical evidence showed that in addition to microvascular changes, inflammation and retinal neurodegeneration may contribute to diabetic retinal damage in the early stages of DR. Further investigation of the underlying molecular mechanisms may provide targets for the development of new early interventions. Here, we present a review of the current understanding and new insights into pathophysiology in DR, as well as clinical treatments for DR patients. Recent laboratory findings and related clinical trials are also reviewed.
Introduction
Diabetic retinopathy (DR) is a major complication of diabetes mellitus (DM), which remains a leading cause of visual loss in working-age populations. The diagnosis of DR is made by clinical manifestations of vascular abnormalities in the retina. Clinically, DR is divided into two stages: non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). NPDR represents the early stage of DR, wherein increased vascular permeability and capillary occlusion are two main observations in the retinal vasculature. During this stage, retinal pathologies including microaneurysms, hemorrhages and hard exudates can be detected by fundus photography although the patients may be asymptomatic. PDR, a more advanced stage of DR, is characterized by neovascularization. During this stage, the patients may experience severe vision impairment when the new abnormal vessels bleed into the vitreous (vitreous hemorrhage) or when tractional retinal detachment is present. The most common cause of vision loss in patients with DR is diabetic macular edema (DME). DME is characterized by swelling or thickening of the macula due to sub-and intra-retinal accumulation of fluid in the macula triggered by the breakdown of the blood-retinal barrier (BRB) [1] . DME can occur at any stage of DR and cause distortion of visual images and a decrease in visual acuity. Current treatment strategies for DR aim at managing the microvascular complications, including intravitreal pharmacologic agents, laser photocoagulation and vitreous surgery. Intravitreal administration of anti-VEGF agents is currently the mainstay of therapy for both early and advanced stages of DR. While the conventional laser therapy only provides stabilization of visual acuity, anti-VEGF therapy can result in visual improvement with less ocular adverse effects. However, according to the Diabetic Retinopathy Clinical Research Network (DRCR.net) study (Protocol I), ≥3-line improvement in best-corrected visual acuity (BCVA) was achieved in only 29% of DME patients receiving two years of anti-VEGF treatment [2] . The inadequate response to anti-VEGF may be associated with the involvement of other molecular pathways than VEGF during the pathogenesis of DR. Studies investigating the underlying mechanisms of DR are of great importance, which may provide potential targets for the development of new alternative treatments. Here, we present a brief overview of current understanding of and new insights into the pathophysiology of DR. Novel therapeutic targets and potential pharmacological agents being tested in clinical trials are also discussed.
Pathology in DR

Hyperglycemia and Retinal Microvasculopathy
DR has long been recognized as a microvascular disease. Hyperglycemia is considered to play an important role in the pathogenesis of retinal microvascular damage. Multiple metabolic pathways have been implicated in hyperglycemia-induced vascular damage including the polyol pathway, advanced glycation end products (AGEs) accumulation, the protein kinase C (PKC) pathway and the hexosamine pathway [3] .
The earliest responses of the retinal blood vessels to hyperglycemia are dilatation of blood vessels and blood flow changes. These changes are considered to be a metabolic autoregulation to increase retinal metabolism in diabetic subjects [4] . Pericyte loss is another hallmark of the early events of DR. Evidence of apoptosis of pericytes triggered by high glucose has been shown in both in vitro and in vivo studies [5, 6] . Since pericytes are responsible for providing structural support for capillaries, loss of them leads to localized outpouching of capillary walls. This process is associated with microaneurysm formation, which is the earliest clinical sign of DR [7] . In addition to pericyte loss, apoptosis of endothelial cells and thickening of the basement membrane are also detected during the pathogenesis of DR, which collectively contribute to the impairment of the BRB [8] . Furthermore, pronounced loss of pericytes and endothelial cells results in capillary occlusion and ischemia. Retinal ischemia/hypoxia leads to upregulation of VEGF through activation of hypoxia-inducible factor 1 (HIF-1) [9] . Other evidence suggested that phospholipase A2's (PLA2) elevation under the diabetic condition also triggers upregulation of VEGF [10] . VEGF, a key factor involved in the progression of PDR and DME, is believed to increase vascular permeability by inducing phosphorylation of tight junction proteins such as occludin and zonula occludens-1 (ZO-1) [11] . Moreover, as an angiogenic factor, VEGF promotes proliferation of endothelial cells through activation of mitogen-activated protein (MAP) [12] . Enhanced expression of VEGF has been detected in the retina of diabetic mouse, as well as the vitreous of patients with DME and PDR [13] [14] [15] .
Other angiogenic factors such as angiopoietins (Ang-1, Ang-2) are also involved in the regulation of vascular permeability by interacting with endothelial receptor tyrosine kinase Tie2 [16] . Ang-2, antagonist of Tie2, has been shown to promote vascular leakage in the diabetic rat retina [17] . It is speculated that angiogenic factors besides VEGF might be involved in the alteration of microvasculature during DR; thus, they may provide novel therapeutic targets.
Inflammation
Inflammation plays an essential role in the pathogenesis of DR. Chronic low-grade inflammation has been detected widely in different stages of DR in both diabetic animal models and patients [18, 19] . Leukostasis has been recognized as a key process in the early stage of DR. In 1991, Schröder et al. first reported the occlusion of retinal microvasculature by monocytes and granulocytes in streptozotocin (STZ)-induced diabetic rats [20] . Increased adherence of leukocytes was detected in the retinal vasculature as early as three days after induction of diabetes in rats [21] . The researchers also found that increased leukostasis is spatially correlated with endothelium damage and BRB impairment in diabetic rats [20] . Further studies demonstrated that leukostasis contributed to endothelial cell loss and breakdown of BRB through the Fas (CD95)/Fas-ligand pathway [22] .
Leukocyte-endothelium adhesion mediated by adhesion molecules has been implicated in leukostasis in diabetes. Increased leukocyte adhesion and upregulated expression of leukocyte b2-integrins CD11a, CD11b, and CD18 were reported in diabetic rats and patients [23, 24] . Additionally, endothelial cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule (VCAM)-1 and selectins (E-selectin) are also found to be increased in diabetic animals and patients [18, 25, 26] Expression of VCAM-1 and E-selectin in the plasma of patients is correlated with the severity of DR [18] . Genetic deficiency of CD18 or ICAM-1 resulted in significantly reduced adherent leukocytes [27] . Inhibition of CD18 or ICAM-1 with anti-CD18 F(ab9)2 fragments or antibody decreased retinal leukostasis and vascular lesions in diabetic rats [18, 27] .
Chemokines, which regulate the attraction and activation of leukocytes, have also been shown to be involved in the pathogenesis of DR. Chemokines such as monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1alpha (MIP-1α), and MIP-1β have been reported to be elevated in diabetic patients [28] . MCP-1 deficiency leads to reduced retinal vascular leakage in diabetic mice [29] . Furthermore, inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), IL-8 and IL-1β were significantly upregulated in diabetic patients, and their expression level was correlated with the severity of DR [30, 31] .
Retinal glial cell dysfunction is also presumed to be involved in the initiation and amplification of retinal inflammation in DR [32] . Glial cells in the retina including astrocytes, Müller cells and microglia are responsible for providing structural support and maintaining homeostasis in the retina [33] . Under hyperglycemic stress, microglia is activated, followed by increased secretion of TNF-α, IL-6, MCP-1 and VEGF [32] . Later involvement of Müller cells and astrocytes is associated with the amplification of inflammation responses by producing proinflammatory cytokines [33] .
Retinal Neurodegeneration
Retinal neurodegeneration is an early event during the progression of DR. Apoptosis of retinal neurons can be observed in diabetic rats as early as one month after induction of diabetes [34] . Upregulation of pro-apoptotic molecules such as cleaved caspase-3, Bax and Fas has been detected in retinal neurons in diabetic animals and subjects [35] [36] [37] . Mitochondrial dysfunction has been implicated in retinal degeneration in DR. In donor eyes of diabetic subjects, retinal expression of pro-apoptotic mitochondrial proteins such as cytochrome c and apoptosis-inducing factor (AIF) were found to be significantly increased [37] . In vitro studies demonstrated that high glucose exposure was associated with increased mitochondrial fragmentation and cell apoptosis [38] . In addition to mitochondrial damage, involvement of oxidative stress in diabetes-induced retinal degeneration has also been widely investigated. In the diabetic mouse retina, reactive oxygen species (ROS) generation is significantly increased [39] . Suppression of ROS generation effectively inhibited visual impairment and caspase-3-mediated retinal neuronal apoptosis [39] .
There is growing evidence that retinal neurodegeneration may be an independent pathophysiology of DR. In a mouse model of diabetes, loss of ganglion cells and reduction in retinal thickness were observed preceding the presence of microvascular alterations [40] . In diabetic patients, inner retinal thinning was detected with no DR or minimal DR (microaneurysms) [40, 41] . Therefore, further investigation of the molecular mechanisms underlying retinal neurodegeneration may provide potential therapeutic targets for early intervention in DR.
Current and Novel Treatment Strategies in DR
3.1. Anti-Angiogenic Therapy
Anti-VEGF Drugs
The advent of anti-VEGF therapy has revolutionized the treatment of DR. Currently, anti-VEGF drugs that have been tested in clinical trials for DR treatment include the U.S. Food and Drug Administration (FDA)-approved pegaptanib (Macugen, OSI/Eyetech, New York, NY, USA), ranibizumab (Lucentis, Genentech, Inc., South San Francisco, CA, USA), aflibercept (EYLEA; Regeneron, Tarrytown, NY, USA) and the off-label intravitreal bevacizumab (Avastin, Genentech, Inc., South San Francisco, CA, USA) ( Table 1) . Among these agents, ranibizumab is the most comprehensively evaluated in clinical trials such as the Diabetic Retinopathy Clinical Research Network (DRCR.net), RISE (clinicaltrials.gov ID: NCT00473330), RIDE (clinicaltrials.gov ID: NCT00473382), RESOLVE (clinicaltrials.gov ID: NCT00284050), RESTORE (clinicaltrials.gov ID: NCT00687804), etc. The results of the RESOLVE and RESTORE studies showed that greater gains in BCVA were obtained with intravitreal ranibizumab when compared with laser monotherapy in patients with clinically-significant DME [42, 43] . In the VISTA (clinicaltrials.gov ID: NCT01363440) and VIVID (clinicaltrials.gov ID: NCT01331681) trials, intravitreal aflibercept was associated with better visual outcomes than standard laser therapy in patients with DME [44] . The DRCR.net Protocol S (clinicaltrials.gov ID: NCT01489189) and CLARITY (trial registration number: ISRCTN 32207582) studies showed that anti-VEGF agents were also beneficial in the treatment of PDR [45, 46] . Moreover, the results of the DRCR.net Protocol T (clinicaltrials.gov ID: NCT01627249) trial showed that aflibercept was superior to ranibizumab and bevacizumab in improving visual acuity for the treatment of patients with moderate or worse initial visual acuity loss [47] .
However, limitations and adverse effects of anti-VEGF therapy are also of great concern. Due to the short half-life time of anti-VEGF agents, monthly or bimonthly injections are needed to ensure efficacy. The incidence of endophthalmitis, a rare adverse effect of intravitreal injection, may be increased by frequent injections. In the DRCR.net Protocol I trial (five years), three cases (0.08%) of injection-related endophthalmitis were reported following 3973 injections [48] . Financial burden and the patients' poor compliance also limited the use of anti-VEGF drugs in clinical practice. Moreover, while VEGF may play a neuroprotective role in the retina, the use of high-dose anti-VEGF drugs requires careful consideration [49] .
Other Anti-Angiogenic Drugs
Currently, several anti-angiogenic drugs besides anti-VEGF agents are under clinical investigations (Table 1) . Squalamine demonstrated better visual recovery than control groups in patients with macular edema by inhibiting multiple angiogenic factors (VEGF, PDGF, b-FGF) [50] . Clinical study testing the effect of squalamine in combination with ranibizumab in patients with DME is in progress (clinicaltrials.gov ID: NCT02349516). Novel agents targeting players in the Ang-Tie2 signaling pathway (Section 2.1) have also been developed. AKB-9778 is a small molecule that blocks the negative Tie2 regulator vascular endothelial-protein tyrosine phosphatase (VE-PTP); therefore, it activates Tie2 and decreases vascular permeability (Figure 1 ) [51] . A clinical trial investigating AKB-9778 in the treatment of DME is ongoing (NCT01702441). Nesvacumab is an inhibitor of Ang-2, which decreases vascular permeability by activating Tie2 (Figure 1 ). Nesvacumab co-formulated with VEGF inhibitor aflibercept is being tested in a phase 2 trial in DME patients (RUBY study, clinicaltrials.gov ID: NCT02712008). Another bispecific antibody RO6867461 targeting both Ang-2 and VEGF is also under test in DME patients (BOULEVARD study, clinicaltrials.gov ID: NCT02699450). 
Anti-Inflammatory Therapy
Intravitreal Steroid
Intravitreal corticosteroids have become increasingly important in the treatment of DME, especially in refractory DME and cases lacking a response to anti-VEGF therapy [53] . Refractory cases of DME and nonresponders to anti-VEGF are presumed to be driven by multiple cytokines. As 
Anti-Inflammatory Therapy
Intravitreal Steroid
Intravitreal corticosteroids have become increasingly important in the treatment of DME, especially in refractory DME and cases lacking a response to anti-VEGF therapy [53] . Refractory cases of DME and nonresponders to anti-VEGF are presumed to be driven by multiple cytokines. As potent anti-inflammatory agents, corticosteroids target a broad array of mediators involved in the pathogenesis of DME including VEGF, TNF-α, chemokines, leukostasis and phosphorylation of tight-junction proteins. Currently, intravitreal corticosteroids used in the clinical trials for DME treatment include the off-label triamcinolone acetonide, the FDA-approved dexamethasone (DEX) intravitreal implant and the fluocinolone acetonide (FA) intravitreal implant ( Table 2) . In the DRCR Protocol I trial, intravitreal triamcinolone showed promising efficacy in improving visual acuity and reducing the thickness of central retina in patients with DME through the 24 week's visit [48] . The effectiveness of triamcinolone started to decline after 24 weeks due to high risks of adverse ocular events including elevated intraocular pressure (IOP) and cataracts. During the two-year follow-up, elevated IOP was detected in 50% of patients, and cataract surgery was performed in 59% of patients in the triamcinolone group [48] . It is noted that for the treatment of DME in pseudophakic eyes, intravitreal triamcinolone demonstrated comparable effectiveness to that of ranibizumab.
The DEX intravitreal implant is a biodegradable delivery system that releases corticosteroids into the vitreous in a sustained manner for up to six months. The utility of the dexamethasone delivery system ensures prolonged drug exposure and remarkably reduces the frequency of injections, thus leading to better patient compliance. In the three-year study of the DEX implant (0.7 and 0.35 mg) in patients with DME, the mean number of injections over three years was four. Significantly greater BCVA improvement and reduction in central retinal thickness (CRT) were achieved in DEX implant groups when compared with the sham group [54] . Cataract-related adverse events were developed in more than 60% of patients in the DEX implant group [54] . In an 18-month study, the DEX implant (0.7 mg) significantly improved BCVA and reduced CRT in patients with refractory DME [55] . It is noted that anterior chamber dislocation is a rare complication of intravitreal implant, but the implant can be repositioned by injection of balanced saline solution [57] .
Two FA implants have been tested in clinical trials for treating DME. Retisert (Bausch & Lomb, Inc., Rochester, NY, USA) is an FDA-approved 0.59-mg FA implant approved for treating chronic noninfectious posterior uveitis. In patients with persisting or recurring DME, Retisert is superior at improving BCVA when compared with standard therapy. However, the percentage of IOP elevation and cataract development is 61.4% and 91%, respectively [58] . Given the high percentages of ocular adverse effects of the Retisert implant, a 0.2-mg FA insert Iluvien (Alimera Sciences, Alpharetta, GA, USA) has been designed for the treatment of DME. Two models of Iluvien, which releases FA at a low dose of 0.23 and 0.45 µg/day, respectively, have been tested. In a two-year study, Iluvien (0.23 and 0.45 µg/day) successfully increased BCVA in patients with persistent DME with a single injection [56] . Currently, the 0.23-µg/day insert has been approved by the FDA for the treatment of DME, which is associated with a significantly lower rate of IOP elevation [56] .
As described above, intravitreal corticosteroids showed promising efficacy in the treatment of DME. Particularly, sustained release of corticosteroids is associated with a lower frequency of intraocular injections, lower cost and better patient compliance. However, given the high incidence of adverse effects, corticosteroids are generally considered as a second-line option for patients insufficiently responding to other therapeutic treatments. Additionally, since the efficacy of corticosteroids in the treatment of PDR has not been determined, anti-VEGF agents should be used as a first-line therapy if the patient shows a high risk of progression to PDR.
Non-Steroid Anti-Inflammatory Drugs
As one of the most important proinflammatory cytokines present in the vitreous of DR patients, IL-6 has been investigated as a promising target for anti-inflammatory therapy for DR. Antibodies against IL-6 (EBI-031) and the IL-6 receptor (tocilizumab) have been developed. Clinical trials have been carried out to test the efficacy and safety of EBI-031 (clinicaltrials.gov ID: NCT02842541) and tocilizumab (clinicaltrials.gov ID: NCT02511067) in patients with DME (Table 2 ).
An antagonist of the adhesion molecule integrin is also under clinical investigation. Luminate (ALG-1001) is an integrin inhibitor that blocks multiple integrin receptors. It has demonstrated promising effects in alleviating swelling of the macula and promoting visual gain in a phase 2b trial for DME (DEL MAR study, clinicaltrials.gov ID: NCT02348918). A phase 2b trial PACIFIC (Available online: http://www.allegroeye.com/?s=PACIFIC) has been carried out to test the effect of (Table 2 ).
Laser Treatment
Traditional Laser Treatments
Laser photocoagulation has been the gold standard for the treatment of both DME and PDR before the advent of anti-VEGF therapy. Focal/grid macular laser therapy was shown to effectively alleviate edema of the macula and reduced the risk of moderate visual loss by 50% in the three-year Early Treatment Diabetes Retinopathy Study (ETDRS) [59] . Panretinal photocoagulation (PRP) has also been used for the treatment of PDR and significantly reduced the risk of severe visual loss, especially in cases with high-risk complications such as vitreous hemorrhage [60] . The exact mechanisms by which laser therapy reduces DME and induces regression of neovascularization remains unclear. It is hypothesized that direct closure of leaking microaneurysms, the decrease of retinal blood flow associated with reduced retinal tissues and improved oxygenation, as well as stimulation of retinal pigment epithelium (RPE) might be implicated [61, 62] . Given its destructive nature, laser therapy may cause permanent damage to the retinal cells, leading to side effects such as mild central visual loss and reduced night vision [63] . Although anti-VEGF therapy has increasingly become the mainstay of therapy for DR, laser therapy still plays an important role as an adjuvant treatment or rescue therapy. The utility of focal laser as an adjuvant treatment dramatically reduced the frequency of anti-VEGF injections when compared with anti-VEGF treatment alone in DME patients [64] (Table 3) . Nowadays, efforts have been made for the development of new laser approaches to reduce side effects. The pattern scanning laser (PASCAL) is a new laser method used for the treatment of DME and PDR. It reduces laser-induced retinal damage by providing a more precise control of the laser and a decrease in treatment time [65] . Micropulse techniques such as the subthreshold micropulse diode laser (D-MPL) have been employed to facilitate the delivery of subthreshold burns in order to minimize collateral damage [66] . More recently, the utilization of a navigated laser system (NAVILAS) further extended the accuracy of laser spots applied to the retina and resulted in favorable visual outcomes [67] (Table 3 ). In the future, developments in laser technology may further increase the safety and effectiveness of laser photocoagulation in the treatment of DR.
Other Therapeutic Agents
Cardiolipin-Targeting Peptide (MTP-131)
Cardiolipin is a phospholipid in the inner mitochondrial membrane that might be involved in cell apoptosis [68] . MTP-131, a selective cardiolipin-targeting peptide, showed a protective effect on visual function in a diabetic mouse model by attenuating mitochondrial oxidative stress [69] . This indicated that cardiolipin may be important in mediating apoptosis of retinal neurons. A clinical trial (SPIOC-101, clinicaltrials.gov ID: NCT02314299) has been carried out to determine the effect of MTP-131 (Ocuvia™) topical ophthalmic solution in patients with DME (Table 4) . [72] . ALA supplementation has been shown to be associated with improved visual acuity in patients with type 1 and type 2 diabetes [70] (Table 4) .
Lutein
Lutein, a member of the carotenoid family, is a potent antioxidant accumulated in the human retina. With its anti-oxidant, anti-inflammatory and neuroprotective properties, lutein has shown a promising effect in various retinal disease models [73, 74] . In the diabetic mouse, lutein treatment effectively prevents retinal changes [75] . Moreover, lutein supplementation is associated with improved visual function in patients with NPDR [71] (Table 4 ).
ARA290
ARA290 is a small erythropoietin (EPO)-derived peptide. EPO, a mediator of erythropoiesis, has been extensively shown to have a neuroprotective role in many animal models of neurodegeneration. In diabetic rats, ARA290 showed promising efficacy in treating DR by preventing neuroglial and vascular degeneration [76] . Currently, the effectiveness of ARA290 in the treatment of DME is under evaluation in a phase 2 clinical trial.
Darapladib
Lipoprotein-associated phospholipase A2 (Lp-PLA2) has been shown to be involved in the damage of BRB during DR. Inhibition of Lp-PLA2 in diabetic rats significantly suppressed BRB breakdown. Therefore, Lp-PLA2 may serve as a therapeutic target for the treatment of DME [77] . Darapladib, a specific Lp-PLA2 inhibitor, demonstrated significant improvements in BCVA and macular edema in a three-month phase 2a study for the treatment of DME [78] .
Conclusions
DR has long been known as a microvascular disease. Increasing laboratory and clinical evidence suggested that inflammation and retinal neurodegeneration may be implicated in DR as independent pathogenesis pathways. The development of agents targeting molecules in these pathways may provide new therapeutic treatments for DR. In the last decade, intravitreal anti-VEGF agents have become the first-line therapy for DME and PDR. However, in clinical practice, the use of anti-VEGF drugs is limited due to the requirement of frequent injections, financial burden and poor compliance of patients. In fact, laser photocoagulation still plays an important role in the treatment of DR as an adjuvant treatment. Intravitreal corticosteroids have demonstrated clinical benefits in the treatment of refractory DME or cases lacking response to anti-VEGF therapy. Yet, it remains difficult for patients with severe visual loss to achieve reading or driving vision with currently available therapeutics. Optimization of current treatment therapies regarding the number of intravitreal injections, dosage and duration, as well as of strategies for combination therapy is of great importance to improve the life quality of patients with DR. Further investigation is required to provide a better understanding of the pathogenesis of DR. Greater effort is needed to facilitate translation of recent research findings from the bench to the bedside. 
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